Background. Clopidogrel inhibits the ADP receptor P2Y12 to keep down the platelet aggregation. The goal of our study is to investigate the contribution of P2Y12 promoter DNA methylation to the risk of clopidogrel resistance (CR). Methods. The platelet functions were measured by the VerifyNow P2Y12 assay. Applying the bisulfite pyrosequencing technology, DNA methylation levels of two CpG dinucleotides on P2Y12 promoter were tested among 49 CR cases and 57 non-CR controls. We also investigated the association among P2Y12 DNA methylation, various biochemical characteristics, and CR. Result. Lower methylation of two CpGs indicated the poorer clopidogrel response (CpG1, = 0.009; CpG2, = 0.022) in alcohol abusing status. Meanwhile CpG1 methylation was inversely correlated with CR in smoking patients ( = 0.026) and in subgroup of Albumin < 35 ( = 0.002). We observed that the level of DNA methylation might be affected by some clinical markers, such as TBIL, LEVF, Albumin, AST. The results also showed that the quantity of stent, fasting blood-glucose, and lower HbAC1 were the predictors of CR. Conclusions. The evidence from our study indicates that P2Y12 methylation may bring new hints to elaborate the pathogenesis of CR.
Introduction
ADP activates platelets through two G protein-coupled receptors: P2Y1 and P2Y12, and the activation of P2Y12 leads to sustained platelet aggregation [1] . Clopidogrel inhibits the purinergic ADP receptor P2Y12, keeps down the adenosinediphosphate-induced platelet aggregation, and then prevents the cardiovascular risks in coronary atherosclerotic heart disease (CAD) patients who have been undergoing percutaneous coronary intervention (PCI) [2] . However, the pharmacodynamic response to clopidogrel varies greatly [3] , and patients with lesser degrees of platelet inhibition are more likely to suffer ischemic events [4, 5] .
Clopidogrel resistance (CR) has been used to reflect the failure of clopidogrel to achieve its effect of antiplatelet aggregation. The underlying mechanism remains unclear. The extrinsic or intrinsic factors may contribute to the variability of platelet activity, including the role of genetic polymorphisms of transporters and enzymes participating in clopidogrel absorption and metabolic transformation and nongenetic causes, such as drug-drug interactions, comorbidities, and age [6] . Genetic factors, specifically the expression of the gene P2Y12, may play a great role in individual susceptibility to the clopidogrel [7] . DNA methylation is a reliable epigenetic marker and specifically occurs in the context of cytosine-phosphateguanine (CpG) dinucleotide [8] . Vertebrate CpG islands (CGIs), which are briefly interspersed CpG-rich DNA sequences, are not predominantly methylated in or near the promoters of mammalian genes [9] . CGI hypermethylation is linked to transcriptional silencing of gene expression [10] and thus regulates the level of protein.
The evidence of the association between DNA methylation and the risk of clopidogrel resistance was scarce. Since multiple single-nucleotide polymorphisms (SNPs) associated with poor activity to clopidogrel [11] did not appear to directly affect P2Y12 expression, the altered expression of P2Y12 was likely to be modulated by methylations of promoters or other epigenetic changes. Thus, we attempted to assess whether the DNA methylations of selected CpG islands in P2Y12 gene promoter were involved in clopidogrel resistance. Due to the little knowledge so far, this study may help to explore a novel aspect in understanding the mechanism of clopidogrel resistance.
Methods

Study Population.
One hundred and six patients with CAD were collected from the Ningbo No. 1 Hospital. All of them were Han Chinese originated from Ningbo city in Eastern China. The inclusion criteria were as follows. (1) Patients for PCI: with drug-eluting stent, PCI was carried out according to current standard guidelines (ACC/AHA guidelines) through the radial route. (2) All the individuals were administrated with a loading dose of aspirin (300 mg) as well as clopidogrel (300 mg) before PCI. followed by 75 mg of clopidogrel and 100 mg of aspirin daily. (3) Patients of age ≥ 18 years and ≤ 80 years were included. The exclusion criteria were as follows: (1) the administration of concomitant glycoprotein IIb/IIIa inhibitor administration, (2) recent or chronic clopidogrel treatment, (3) sudden death, (4) history of bleeding diathesis, (5) haematocrit < 35% or >50%, and (6) total platelet count <150 000 L or >500 000 L.
Written informed consent was obtained from all the subjects. The study was approved by the Ethics Committee of Ningbo No. 1 Hospital and conformed with the principles outlined in the Declaration of Helsinki.
Collection of Samples and Clinical
Data. Blood samples were obtained overnight fast from the antecubital vein.
The serologic markers, such as the concentrations of TG, LDL, ALT, AST, and uric acid in plasma, were measured by the IFCC reference measurement systems. All the tests applied the standard procedures recommended by the manufacturers and then the data were collected and entered into a central database.
Platelet Function Measurements.
As there may be no significant changes of platelet reactivity from days 3 to 5 in AMI patients undergoing PCI [4] , we measured the patients' platelet reactivity at one week to one month after PCI. Blood samples were collected using the double-syringe technique and the first 2 to 4 mL free flowing blood was discarded to avoid spontaneous platelet activation. The platelet functions were measured by the VerifyNow P2Y12 assay (Accumetrics Inc., San Diego, CA).
The VerifyNow P2Y12 Assay is a whole blood, pointof-care system that has been developed to evaluate the responsiveness to P2Y12 antagonists [12] . Blood is drawn into a Greiner Bio-One 3.2% citrate Vacuette tube (Greiner BioOne, Kremsmünster, Austria). The assay instrument contains fibrinogen-coated polystyrene beads, 20 nmol/L ADP, and 22 nmol/L PGE1. Surveyed by an optical signal, the result was expressed as P2Y12 reaction units (PRU). And a residual platelet reactivity (RPR) cutoff value ≥240 reaction units indicated the existence of clopidogrel resistance [13] .
DNA Methylation Assay.
Human genomic DNA was extracted from leucocytes of peripheral blood samples with a commercially available kit (QIAamp DNA Blood Mini Kit, Qiagen, Hilden, Germany). DNA concentrations were quantified by the ultramicronucleic acid ultraviolet tester (NANODROP 1000, Wilmington, USA), and all of them were more than 500 ng/ L.
Bisulfite pyrosequencing technology was applied to determine the methylation levels of 2 CpG dinucleotides on the fragment of P2Y12 gene promoter, which combines with sodium bisulfite DNA conversion chemistry (EpiTech Bisulfite Kits; Qiagen), polymerase chain reaction (PCR) amplification (Pyromark PCR Kit; Qiagen), and sequencing by synthesis assay (Pyromark Gold Q24 Reagents; Qiagen) of the target sequence. We selected PyroMark Assay Design software for planning PCR primers. Sequences of the PCR and pyrosequencing primers were described in Table 1 .
Statistical Analysis.
All data for continuous variables were described as means ± standard deviation and skewed variables as the median with interquartile range (IQR). A series of statistical analyses were performed to investigate 
Results
From October 2012 to October 2013, a total of 106 CAD patients who met the inclusion criteria were recruited in the current association study. Among them, by the VerifyNow P2Y12 assay, the PRU of 49 patients was more than 240, and they are defined as having poor reactivity to clopidogrel or clopidogrel resistance. As shown in Table 2 , the baseline characteristics of the cases and controls in our study were summarized. The clinical characteristics were matching except the Albumin. One with clopidogrel resistance was more likely to have lower Albumin (cases versus controls: 37.73 ± 5.03 versus 39.95 ± 5.02, = 0.026).
In this study, we selected a fragment (GRCh37.p13:151103600-151101600) containing 2 CpG dinucleotides. Through bisulfite pyrosequencing assay, we explored the association of P2Y12 gene promoter DNA methylation with clopidogrel resistance. Meanwhile, as shown in Figure 1 and Table 2 , our results showed that P2Y12 CpG1 methylation levels were not significantly associated with clopidogrel resistance (cases versus controls (%): 43.31 ± 10.96 versus 44.89 ± 9.26, = 0.420), so as P2Y12 CpG2 (cases versus controls (%): 37.00 ± 7.52 versus 37.32 ± 6.82, = 0.821) too.
We performed a breakdown analysis by clinical characteristics to evaluate whether the methylation levels of P2Y12 gene promoter (including CpG1 and CpG2) were related to clopidogrel poor response. It became clear to us that a significant association existed in the subgroup of Albumin < 35, current smoking, and alcohol abuse in the present study (Tables 3 to 5 ). We discovered that if patients were tippling, lower CpG1 ( For the above two effects, no significant interactions were identified in P2Y12 CpG2, and we did not find any other significant association in the rest of the subgroups.
We applied the method of multiple linear regression to explore the effect on DNA methylation from clinical factors. And we observed that the level of DNA methylation might be affected by some clinical marks (Table 6) Considering the influence of confounding variables, we carried out logistic regression analysis with nongenetic and genetic factors. The result showed that the quantity of stent and fasting blood-glucose were associated with CR, while the HbAC1 was inversely correlated with it ( < 0.05, Table 7 ). However, if we applied the logistic regression analysis with these in the above subgroups, it was indicated that the above nongenetic and genetic factors were no longer correlated with the poorer clopidogrel response ( > 0.05, Tables 8, 9 , and 10).
Discussion
Since various trails had been keen on the single-nucleotide polymorphisms, some had averted their sight to epigenetics, such as miRNA, DNA methylation. Recently, we have found that aberrant methylation is interpreted to take part in the occurrence and development of diseases including colorectal cancer [14, 15] , breast cancer [16, 17] , coronary artery disease [18] , and schizophrenia [19] . For clopidogrel resistance, numerous studies have investigated the underlying mechanism. The single-nucleotide polymorphisms (SNPs) within P2Y12 gene have been extensively studied and some research has shown that the H2 haplotype (the P2Y12 T744C polymorphism) influences the platelet aggregation [11] . Though more studies have paid attention to the epigenetic mechanisms in cardiovascular disease, especially clopidogrel resistance, for example, miRNA [20] , there is little research focusing on the relationship between DNA methylation and the risk of clopidogrel resistance. In this study, the relationship between P2Y12 gene promoter DNA methylation and the risk of clopidogrel resistance in CAD patients was investigated. As far as we know, it was the first study on the topic of DNA methylation and clopidogrel resistance. Unfortunately, no correlation in selected CpG islands was detected. However, we found that a significant association existed in the subgroup of Albumin < 35, current smoking, and alcohol abuse. The lower the methylation levels of CpG1 in the above subgroup, the higher the platelet activity after standardized antiplatelet treatment, similar to the methylation levels of CpG2 in alcohol abuse group too.
Although no public evidence had shown the value of Albumin and alcohol abuse would influence the clopidogrel responding, a new meta-analysis reported that the clinical benefit of clopidogrel treatment in reducing cardiovascular events (including death, myocardial infarction, and stroke) was discovered primarily in smokers, with little benefit in nonsmokers [21] . Thus, we need to give careful consideration to these factors. However, not every study demonstrated the significant association, especially the smoking status receiving clopidogrel. The basic research of their in-depth mechanism, which did not have a definite conclusion, should continue in order to give us ongoing insights.
Additionally, we have to observe the influence of confounding variables on methylation. In our study, some clinical factors (e.g., TBIL, LEVF, Albumin, AST CRP, BUN, and Triglycerides) may influence the level of methylation in a particular population, though the square in model of P2Y12 CpG 1 with current smoking was lower which indicates a lack of reliability. It was similar to other research that the concentration of AST was inversely correlated with ADD1 CpG2-5 methylation levels in female nonessential hypertension [22] , and the level of methylation in gene-specific DNA is associated with serum levels of C-reactive protein [23] as well as the levels of Triglycerides and fatty acids in abdominal adipose tissue [24] . However, of all research above including our study, the sample was limited. Additional and larger studies would enhance reliability.
Furthermore, we should focus on the gene-environment interaction. Increasing evidence manifested that environmental and lifestyle factors could influence epigenetic mechanisms, though few were involved in cardiology. For instance, one recent study, which evaluated global DNA methylation from buccal cells of children exposed to smoking, demonstrated hypomethylation of LINE-1 repetitive elements [25] . Another one pointed out that the acute exposure to ethanol induced high methylation level of specific cell cycle genes in monolayer cultures of neural stem cells [26] . In our study, beside the relationship between P2Y12 gene methylation and the risk of clopidogrel resistance, we could not ignore the gene-environment interaction. Due to such a high interference factor, we wish to apply the multifactor dimensionality might also contribute to clopidogrel resistance. We used the logistic regression analysis with confounding factors. In the total population, the quantity of stent, fasting blood-glucose, and lower HbAC1 were the predictors of CR. However, if we applied the logistic regression analysis in subgroups (Albumin < 35, current smoking, and alcohol abuse), all of them, including genetic and nongenetic causes, association were not found. Comorbidities, such as diabetes mellitus (including the type of diabetes [28] and glycemic control [29] ), chronic renal diseases [30] or different renal function grades [31] , obesity [31] or elevated body mass index (BMI), heart failure [13] , and inflammatory state [32] , might be the predictor of poor clopidogrel response. Some of the evidence above was similar to ours. Nevertheless, we observed that lower HbAC1 was the predictor of CR. It was opposite to recent studies of evidence-based medicine [33, 34] . This may be due to the limited samples and the lack of more consistent stratification. Additionally, a larger sample set of the population and more meticulous stratification standards would help us obtain a comprehensive understanding. Furthermore, as coexisting polymorphisms in different genes might lead to persistent platelet activation while on clopidogrel [35] , sophisticated gene-gene interaction of DNA methylation, such as the DNA methylation in ABCB1 or CYP2C19 with P2Y12, also needs to be considered carefully. If future research is possible, the observations will likely bring new information to elaborate the pathogenesis of clopidogrel resistance. Although considerable efforts have been made, there are some limitations inherent in our study. Firstly, the sample size is relatively small. Future investigation with larger samples can be arranged for further assessment. Secondly, for the whole promoter of P2Y12 gene, we only selected one fragment of the CGI, but there might be other fragments related to clopidogrel resistance. Thirdly, P2Y12 gene methylation was measured in DNA from the leucocyte in peripheral blood which contained granulocytes, lymphocytes, and so on. Fourthly, a possibility of unknown confounding factors might exist and affect the expression of P2Y12 gene methylation. The exact interactions among them remain to be explored in future studies.
In summary, our study indicates that lower P2Y12 gene promoter DNA methylation increases the risk of clopidogrel resistance in the patients with Albumin ≤ 35, current smoking, or alcohol abuse. Meanwhile some extrinsic factors might be correlated with DNA methylation, and the quantity of stent, fasting blood-glucose, and lower HbAC1 might be the predictors of clopidogrel resistance. Thus, we would aim for additional, larger studies and a more advanced empirical approach along with standardized stratification to validate our findings in further cases.
